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Abstract. In the present paper some of the problems related
to the application of the continuum mechanics modelling to
debris ﬂow runout simulation are discussed.
Particularly, a procedure is proposed to face the uncertain-
ties in the choice of a numerical code and in the setting of
rheological parameter values that arise when the prediction
of a debris ﬂow propagation is required.
In this frame, the two codes RASH3D and FLO2D are
used to numerically analyse the propagation of potential de-
bris ﬂows affecting two study sites in Southern Italy.
For these two study sites, a lack in information prevents
thattherheologicalparameterscanbeobtainedfromtheback
analysis of similar well documented debris ﬂow events in the
area. As a prediction of the possible runout area is however
required by decision makers, an alternative approach based
on the analysis of the alluvial fans existing at the toe of the
two studied basins is proposed to calibrate rheological pa-
rameters on the safe side.
From the comparison of the results obtained with
RASH3D (where a Voellmy and a Quadratic rheologies are
implemented) and FLO2D (where a Quadratic rheology is
implemented) it emerges that, for the two examined cases,
numerical analyses carried out with RASH3D assuming a
Voellmy rheology can be considered on the safe side respect
to those carried out with a Quadratic rheology.
1 Introduction
Many of the world’s most devastating landslide disasters, as
measured by loss of life and/or economic value, can be at-
tributed to debris ﬂows and their volcanic counterparts called
lahars (Jakob and Hungr, 2005). Common dangerous char-
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acteristics of this type of events are represented by the quite
total absence of premonitory signs, their high velocities and
long travel distances.
Thereductionoflossesinferredbydebrisﬂowscanbepur-
sued by prediction of their velocities and runout distances.
Indeed, runout prediction provides a mean of deﬁning the
susceptible areas, estimating the debris ﬂows intensity (that
is an input of risk studies), and working out the informa-
tionfortheindividuationanddesignofappropriateprotective
measures. At the same time, reliable predictions of runout
can help avoiding exceedingly conservative decisions regard-
ing the urban development of hazardous areas (Cascini et al.,
2005).
Debris ﬂows are made up of soil, rock, and water. Their
ﬂow characteristics depend on the water content, sediment
size and/or sorting, and on the dynamic interaction between
the solid and ﬂuid phases. The modelling of such an interac-
tion still remains a quite difﬁcult task and the currently avail-
able computational models inevitably rely on simplifying as-
sumptions.
At present, most practical runout predictions are empiri-
cal, making use of correlations among historical data (e.g.
Corominas, 1996; Zimmermann et al., 1997; Rickenmann,
1999). Though all of these methods are easy to use, they
should only be applied to conditions similar to those on
which their development is based (Rickenmann, 2005).
A different and promising approach is that based on the
continuum numerical modelling, whose models allow deter-
mination of the ﬂow parameters and deformation of the mass
along the entire path, including deposition (e.g. O’Brien et
al., 1993; Iverson and Denlinger, 2001; McDougall and
Hungr, 2005).
The numerical codes based on this last approach are at
present largely used, even if 1) setting of rheological param-
eter values for prediction purposes is troublesome, as a lack
in information may prevent from obtaining them by resort-
ing to back analyses, and 2) results can be a function of the
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used code and the assumed rheology. In the following, ac-
cording to McDougall and Hungr (2003), “two-dimensional”
and “three-dimensional” broadly denote models that simu-
late ﬂow across 2-D and 3-D terrain, respectively.
The paper intends to give some guidelines in choosing rhe-
ological parameter values when data on historic debris ﬂow
events are not available. An approach based on the analysis
of the geological and geomorphological settings that charac-
terize a study basin and of the alluvial fans that may exist at
the its toe is then proposed to calibrate rheological parame-
ters.
To support this approach and to compare different rheolo-
gies, numerical analyses have been carried out for two study
sites in Southern Italy affected by debris ﬂows. For both the
study sites, a lack in information prevents the calibration of
rheologicalparametersthroughthebackanalysisofwelldoc-
umented events in the area but quantitative information to be
used for susceptibility and hazard analyses are required by
decision makers.
The two continuum mechanics codes RASH3D (Pirulli,
2005; Pirulli et al., 2007) and FLO2D (O’Brien et al., 1993)
are then used to simulate the propagation of these two debris
ﬂows using the Voellmy and the Quadratic rheology. The
obtained results are compared and discussed.
2 Continuum mechanics modelling
Numerical models based on continuum mechanics treat the
heterogeneous and multiphase moving mass of a debris ﬂow
as a continuum. This implies that both the depth (H) and
length (L) of the ﬂowing mass are considered to be large
compared to the dimensions of the single particles involved
in the movement. By adopting this hypothesis, the dynamics
of debris ﬂows can be modelled using an “equivalent” ﬂuid,
whose rheological properties are such that the bulk behaviour
of the numerically simulated ﬂowing mass can approximate
the expected bulk behaviour of the real mixture of the solid
and ﬂuid phases. The dynamic behaviour of the equivalent
ﬂuid can be described by the following mass and momentum
conservation laws:
∇·v=0 (1)
ρ

∂v
∂t
+v · ∇v

=−∇·σ+ρg (2)
where v(x, y, z, t)=(vx, vy, vz) denotes the three-dimensional
velocity vector of the mass in a (x, y, z) reference system,
σ(x, y, z, t) is the Cauchy stress tensor, ρ the mass density,
and g(x, y, z)=(gx,gy,gz) is the gravitational acceleration
vector in the above mentioned reference system.
2.1 Depth averaged equations
If it is assumed that, during debris ﬂow motion, the thickness
of the moving mass is much smaller than its length, it is pos-
sible to integrate the balance Eqs. (1)–(2) in depth, obtaining
the so-called depth averaged continuum ﬂow models (Sav-
age and Hutter, 1989), which can be cast either in Eulerian
or Lagrangian form.
Depth averaging allows a complete three dimensional de-
scription of the ﬂow to be avoided: changes in the mechan-
ical behaviour within the ﬂow are ignored and the rheology
of the ﬂowing material is incorporated into a single term that
describes the frictional stress which develops at the interface
between the ﬂowing material and the rough surface of the
bed path. An interesting description of the rheologies usually
adoptedtodescribedebrisﬂowsisgiveninNaefetal.(2006).
Experimental measurements, both on steep slopes in two
and three dimensions (e.g. Savage and Hutter, 1989; Gray
et al., 1999; Wieland et al., 1999) and on curved beds (e.g.
Greve and Hutter, 1993; Greve et al., 1994; Koch et al.,
1994), agree relatively well with the prediction of motion and
spreading of the mass given by a depth averaged model. As
a consequence, starting from the introduction of depth aver-
agedequationsinthecontextofgranularﬂowsbySavageand
Hutter (1989), numerical models such as FLO2D (O’Brien
et al., 1993) and RASH3D (Pirulli, 2005; Pirulli et al., 2007)
have been widely implemented.
3 RASH3D versus FLO2D
The RASH3D and FLO2D numerical codes, used in the
present study, are both based on depth-averaged Eulerian
ﬂow models, but they differ in the technique adopted for
the numerical implementation of the governing system of
Eqs. (1)–(2): a ﬁnite volume scheme in RASH3D (Man-
geney et al., 2003), and a ﬁnite difference scheme in FLO2D
(O’Brien et al., 1993).
Both the codes need the pre-event digital elevation model
(DEM) of the study area as input data. In FLO2D, the topo-
graphic surface is overlaid with a square ﬁnite difference grid
system and the ﬂow is routed in eight possible ﬂow directions
(thefourcompassdirectionsandthefourdiagonaldirections)
(Fig. 1a); in RASH3D, the topography is discretized on a
general triangular grid with a ﬁnite element data structure. A
particular control volume, the median based dual cell, is used
to compute the ﬂow in the different ﬂow directions (Audusse
et al., 2000; Fig. 1b).
Both the codes also need the deﬁnition of the position of
the source area of the debris ﬂow as well as the magnitude of
the triggered mass. As far as this aspect is concerned, the two
codes are different. In FLO2D, an inﬂow ﬂood hydrograph is
required, while in RASH3D, the boundary of the source area
and the geometry of the initial volume must be speciﬁed.
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3.1 FLO2D model
The water ﬂood and mud ﬂow simulation program FLO2D
validity has been widely corroborated in time (e.g. Garcia et
al., 2004; Bello et al., 2003).
The continuity Eq. (1) and the momentum Eq. (2) are ex-
pressed in a depth-averaged way as follows:
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∂t
+
∂ (hvx)
∂x
+
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hvy
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=i (3)
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where Sf =
τy
γm h+
KηV
8γm h2+n2 V 2
h4/3 denotes the depth-averaged
ﬂow velocity, h is the ﬂow depth, i is the rainfall intensity
on the ﬂow surface and g is the gravity constant. The fric-
tion slope components Sfx and Sfy are written as functions
of the bed slope Sox and Soy, the pressure gradient and the
convective and local acceleration terms. As far as the rhe-
ological characteristics of the ﬂowing mass are concerned,
FLO2D adopts the quadratic rheological approach proposed
by Julien and Lan (1991). The friction slope is therefore pro-
vided by the following expression:
Sfi(i=x,y)=
τ
ρgh
=
τy
ρgh
+
Kηvi
8ρgh2+
n2
tdvi
2
h4/3 (6)
where τ is the shear stress, τy is the Bingham yield stress, η
is the Bingham viscosity, K is the ﬂow resistance parameter
and ntd is the equivalent Manning coefﬁcient for the turbu-
lent and dispersive shear stress components.
The ﬁrst and the second terms on the right hand side of
Eq. (6) are, respectively, the yield term and the viscous term
as deﬁned in the Bingham equation. The last term represents
the turbulence contribution (O’Brien et al., 1993).
3.2 RASH3D model
The RASH3D code (Pirulli, 2005) is an upgrade of a
previously-existing numerical code (SHWCIN) (Audusse et
al., 2000; Mangeney et al., 2003) developed by INRIA (In-
stitut National de Recherche en Informatique et en Automa-
tique, France) and IPGP (Institut de Physique du Globe de
Paris, France). In order to simulate landslide propagation on
a complex three-dimensional topography, it was necessary to
upgrade the pre-existing code by
1. reducing mesh-dependency effects through the intro-
duction of an unstructured mesh (i.e. nodes of the mesh
cannot have an equal number of adjacent elements),
2. allowing changes of the gravity vector components as a
function of the topography and
Fig. 1. Conceptual discretisation for the topography and ﬂow (a)
FLO2D, and (b) RASH3D.
3. implementing different constitutive laws (Pirulli, 2005).
The modiﬁed code (RASH3D) validity has been corrob-
orated through simulations of laboratory tests (e.g. Pirulli,
2005)andbackanalysesofrealcases(e.g.Pirullietal., 2007;
Pirulli and Mangeney, 2008).
In RASH3D the continuity Eq. (1) and the momentum
Eq. (2) are depth-averaged, in a reference system having the
z direction aligned with the local bed-normal direction, and
expressed as follows:
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Fig. 2. The villages of Pesche and Venafro in the Molise Region
(Southern Italy).
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where Sf =
τy
γm h+
KηV
8γm h2+n2 V 2
h4/3 denotes the depth-averaged
ﬂow velocity, h is the ﬂow depth, g is the gravity constant,
and Sfx and Sfy are the friction slope components.
Only the frictional rheology was originally implemented
in the RASH3D code. But, analyses of debris ﬂows car-
ried out with a frictional rheology frequently result in a large
overestimation of velocity and sometimes in an unrealistic
behaviour of the mass (e.g. Pirulli and Sorbino, 2006).
Since the Voellmy rheology, which was initially devel-
oped for snow avalanche propagation, has successfully been
applied to debris ﬂow propagation by many Authors (e.g.
Rickenmann and Koch, 1997), it has been implemented in
RASH3D.
The Voellmy ﬂow relation consists of a turbulent term,
which accounts for velocity-dependent friction losses, and a
Coulomb or basal friction term. When adopting the Voellmy
law, the friction slope components are the following:
Sfi(i=x,y)=cosα tanϕ +
vi
2
hξ
(10)
where α is the inclination of the bed from horizontal, ϕ is the
basal friction angle, ξ is the turbulence coefﬁcient; the other
terms have already been deﬁned.
In order to verify whether RASH3D and FLO2D are able
to give similar results when the same rheology is applied,
the quadratic rheology (see Eq. 6) was also implemented in
RASH3D.
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Fig. 3 The Venafro study site; a) geological map; b) geomorphological map.  Fig. 3. The Venafro study site; (a) geological map; (b) geomorpho-
logical map.
4 Description of the study areas
The villages of Pesche and Venafro, located in the Molise
Region (Southern Italy), are two geographical areas where
potential debris ﬂows hang over both developing and already
urbanized areas (Fig. 2).
The geological and geomorphological setting of both the
sites (Figs. 3 and 4) is typical of the carbonatic-dolomitic
mountain chains of the Southern Italian Appennines, where
the morphology is made of high peaks and steep slopes with
sub-vertical walls. The continuity of the slopes is often in-
terrupted by deep channels located along the principal and
secondary structural lineaments. These channels have a V-
shaped or rectangular cross-section. They are frequently
ﬁlled by coarse debris which originated from the climatic
erosion of the outcropping rocks in the upper parts of the
basins, as well as from shallow landslides occurring in the
weathered and fractured rocks that form the ﬂanks of the
channels.
The debris ﬁlling the channels existing in the two study ar-
eas is mainly composed of coarse deposits with boulders and
ﬂuvial gravelly-sand deposits, these latter having a percent-
age in volume not higher than 30%. In the urbanised valleys,
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Table1. Mainmorphometriccharacteristicsofthetwostudybasins.
Pesche Venafro
Feed Basin 0.7km2 1.4km2
Mean slope angle of feed basin 21◦ 32.5◦
Main channel length 1.4km 1.3km
Mean slope angle of main channel 15◦ 18◦
Recent fan area 99054m2 50879m2
Mean slope angle of recent fan 4.5◦ 8◦
located at the toe of the two study sites, alluvial fans of var-
ious extension and age can be recognised, and they testify
the systematic occurrence of debris ﬂow phenomena. Geo-
logical and geomorphological investigations have allowed a
detailed mapping of the extents of the past debris-ﬂow de-
posits (Figs. 3 and 4), providing a distinction between recent
and ancient zones of the alluvial fans. The ancient zones
of the alluvial fans represent the deposition zone of ancient
debris ﬂow events, as testiﬁed by the sediments exposed in
medial and distal fan sections belonging to the Early-Middle
Holocene (i.e. 10000–3500 yr BP). The recent zones of al-
luvial fans, mostly located at proximal fan sections, are con-
versely formed by younger sediments of late Holocene age
(3500 yr BP to present) and also represent the deposition
zone of recent debris ﬂow events.
The main morphometric characteristics of the two basins
in which potential debris ﬂows can occur are summarised in
Table 1.
Particularly, the Venafro’s site (Fig. 3) is represented by
a large basin having an area of about 1.4km2. Such basin
has high slope angles (about 40 degrees) in its upper part
and gently degrades downslope towards the so-called Ve-
nafro Plain. The drainage network is not well developed and
it is characterised by the presence of a main channel having
a length of about 1.3km and a mean slope of 18 degrees.
This channel is ﬁlled with loose material with a thickness
in the range of 1.0–4.0m, produced by erosional phenom-
ena and shallow landslides affecting the outcropping calcare-
ous rocks in the upper part of the basin. According to the
geomorphological analyses, this loose material, whose vol-
ume estimation is of about 78000m3, represents a potential
source for debris ﬂow events. At the toe of the slope, an
alluvial fan apparatus can be recognised. On the basis of ge-
omorphological analyses, this last is mainly formed by an
ancient part having a maximum thickness of 10m. This an-
cient alluvial fan is covered along its north-eastern side, by a
recent alluvial fan having an area of 50879m2 and a volume
of about 100000m3.
In Pesche the basin has an extension of about 0.7km2 and
is characterised by a deep channel with a steep inner gorge
(Fig. 4). Field surveys revealed, in the upper part of the chan-
nel and along the gorge, the presence of a loose material with
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Fig. 4 ThePesche study site; a) geological map; b) geomorphological map. 
 
Fig. 4. The Pesche study site; (a) geological map; (b) geomorpho-
logical map.
a thickness in the range of 2.0–3-0m. This loose deposit,
having an estimated volume of about 79500m3, represents
the present potential source material of a debris ﬂow.
Analogously to the Venafro’s site, at the toe of the main
channel, the presence of ancient and recent alluvial fans can
be recognised. Particularly, the recent alluvial fan has an area
of 99054m2 and an estimated volume of 190000m3.
5 Numerical model settings and calibration criteria
Three steps are necessary to run numerical analyses with
both the codes:
1. to upload the topography of the study area as a DEM
(Digital Elevation Model),
2. to determine the initial volume, and
3. to deﬁne guidelines for the rheological parameter cali-
bration.
A DEM based on 1:5000 maps, obtained from photogram-
metric analyses, was available for each of the study sites. A
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Fig. 5. Geometrical models used in RASH3D (a) Pesche; (b) Ve-
nafro. The dark grey areas indicate the considered triggering vol-
ume.
5-m topographic grid able to adequately represent the anal-
ysed areas was then used for numerical modelling.
In order to take into account the worst-case scenarios for
both the study areas, the whole loose material existing in the
analysed basins was considered as triggering volume.
Using RASH3D, the triggering volumes were deﬁned in
accordancewiththespatialdistributionofthematerialassur-
veyed on site. The geometrical models related to the volumes
quoted in Table 2 were then obtained (Fig. 5).
As for the analyses carried out with FLO2D, rain or dis-
charge data, to evaluate the rain that had triggered the past
events, were not available for any of the studied areas.
A triangular-shaped input hydrograph was therefore hy-
pothesized. The height of the input hydrograph coincides
with the peak discharge, Qp, and was estimated using the
empirical relationship proposed by Rickenmann (1999):
Qp=0.1V 5/6 (11)
that relates the peak discharge, Qp(m3/s), of a debris ﬂow
and the debris ﬂow volume, V(m3) (Table 2).
Fig. 6. Deﬁnition of the input hydrograph in the FLO2D analyses.
Table 2. Initial volumes and hydrograph for the two study areas.
Study Initial volume Initial hydrograph
(RASH3D) (FLO2D)
area V (m3) Qp (m3/s) ttot (hours)
Pesche 79500 1207.8 0.037
Venafro 78000 1188.8 0.036
The base of the input hydrograph coincides with the time
duration, ttot,estimated by multiplying the volume, V, by 2
and dividing by the peak discharge, Qp. The computed val-
ues are quoted in Table 2.
Two different input hydrograph, in which the peak dis-
charge Qp is attained at a time values tp equal to 1/3 ttot and
2/3 ttot, respectively, were adopted in the analyses (Fig. 6).
The setting of rheological parameter values remains the
last task to face but it is the major challenge when potential
events are investigated.
When the potential event is in a basin where similar well
documented events already occurred, these latter can be used
to run some back-analyses and calibrate rheological parame-
ters. Reasonable conﬁdence limits have obviously to be ap-
plied in using these parameters for prediction purposes (Mc-
Dougall et al., 2008).
For the two cases analysed in the present paper, this pro-
cedure is not practicable due to the absence of adequate data
on the historical debris ﬂow events occurred in both the study
sites. Not with standing this, in order to provide some quan-
titative elements for susceptibility analyses related to the oc-
currence of potential debris ﬂow phenomena, an alternative
way is then pursued.
Considering that, for a given torrent channel and fan to-
pography, larger ﬂows tend to result in longer travel distance
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Table 3. Calibration of rheological parameters. The best ﬁt data
for the Quadratic and the Voellmy rheologies are in bold in case of
Venafro and in italic in case of Pesche.
RASH3D FLO2D – RASH3D
Voellmy Quadratic
µ(=tanϕ) (–) ξ(m/s2) τy (kPa) η(Pa·s)
0.01 100 1.2 20
0.01 200 1.5 10
0.01 500 1 10
0.05 100 0.7 10
0.05 200 0.7 5
0.05 1000 0.7 15
0.1 100
0.1 200
0.1 500
0.1 1000
0.12 1000
0.15 1000
0.2 1000
than smaller ﬂows having similar material properties (Rick-
enmann, 2005), the distal point of the existing alluvial fans
can give an indication of the distance reached by the largest
mass released in the past from each of the considered basins.
Analysing the recent alluvial fans existing at the toe of the
two studied basins, it emerged that each of them is the de-
position zone of debris ﬂow events occurred during the last
3500 years. On the basis of geological and geomorphologi-
cal studies it can be assumed that the current loose deposits
ﬁlling the source zones of potential debris ﬂows phenomena
have volumes smaller than or, at least, equal to the largest
volume involved in a single debris ﬂow event occurred dur-
ing the last 3500 years.
On the basis of these considerations, numerical analyses
are carried out calibrating rheological parameters in order to
obtain a travel distance of the ﬂowing mass equal to the dis-
tal point of the observed recent alluvial fans. In this way,
the calibrated rheological parameters can be considered on
the safe side in terms of susceptibility analysis and, in the
meantime, they can be used in deﬁning hazardous areas and
working out important information for land management.
To this aim results obtained with RASH3D and FLO2D
assuming a Voellmy or a Quadratic rheology are presented
and discussed in the following.
Fig. 7. Results obtained for both the sites using the calibrated rheo-
logical parameters. (a)–(b) Pesche case; (c)–(d) Venafro case.
6 Application of the models and discussion of the results
6.1 Simulations of the Pesche and Venafro events with a
Voellmy rheology
The analyses with a Voellmy rheology were carried out using
the RASH3D code.
A ﬁrst set of values for the rheological parameters was ob-
tained from the back-analysis of some historical debris ﬂows
in North Europe (Rickenmann et al., 2006), in Hong Kong
(courtesy of Civil Engineering and Development Department
of the Government of the Hong Kong) and in Southern Italy
(Revellino et al., 2004).
Considering North Europe cases and Southern Italy cases,
the range of rheological parameters is: friction coefﬁcient,
µ, between 0.01 and 0.1, and turbulence coefﬁcient, ξ, be-
tween 100 and 200m/s2. While, for Hong Kong cases, it is
suggested: friction coefﬁcient, µ, between 0.1 and 0.2, and
turbulence coefﬁcient, ξ, between 500 and 1000m/s2. Con-
sequently, a sensitivity study was made changing the friction
coefﬁcient, µ, between 0.01 and 0.2, and the turbulence coef-
ﬁcient, ξ, between 100 and 1000m/s2 (Table 3), until a good
agreement between the longitudinal extension of simulated
and observed alluvial fans was obtained.
The best match of both the recent alluvial fans can be
found for different couples of rheological values. In the
Pesche case, good results were obtained with
1. µ=0.05 and ξ=1000 m/s2, and
2. µ=0.01 and ξ=200m/s2.
While, in the Venafro case:
1. µ=0.12 and ξ=1000m/s2, and
2. µ=0.1 and ξ=200m/s2 gave satisfactory numerical re-
sults..
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Fig. 8. Deposition patterns obtained with the two assumed rheologies. (a) Pesche; (b) Venafro.
As showed in Fig. 7, using in Venafro the rheological pa-
rameters calibrated for Pesche and vice versa did not give
satisfactory results .
The analysis of the propagation with the couples of
calibrated rheological parameters evidenced difference in
reached maximum velocity (Tab. 4), run out area being sim-
ilar (Fig. 8). In both the analysed cases, higher maximum
velocities were reached where a ξ=1000m/s2 was assumed
(Table 4).
In Pesche, both the numerical simulations gave, with re-
spect to the existing fan:
1. a much larger lateral spreading just below the fan apex,
2. a lateral contraction of the spreading area in the distal
part reached by the mass, and
3. a ﬂow that generally follows the downstream direction
ofthechannelthatcrosseslongitudinallythealluvialfan
(Fig. 8a).
In Venafro, a quite good approximation of the fan was ob-
tained along the propagation path but the mass gave a runout
area in the distal part whose shape is quite different from that
of the existing fan: a lateral spread was obtained instead of a
lobate front (Fig. 8b).
It can be ﬁnally stated that a mass spreading can be ob-
served in both the analysed cases: along the propagation path
for Pesche and in the ﬁnal propagation path for Venafro.
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6.2 Simulations of the Pesche and Venafro events with a
quadratic rheology
To carry out analyses with a quadratic rheology, the FLO2D
code was ﬁrst used.
In the case of Pesche, a starting value of the Bingham pa-
rameter τy(=γ·h0·µ) was obtained using the calibrated fric-
tion coefﬁcient value (µ=0.05) previously obtained for the
Voellmy rheology and, in consideration of the characteristics
of the analysed site, a mean depth of the ﬂow (h0) equal to
1.2m together with a unit weight (γ) equal to 20kN/m3. A
tentative τy value was therefore set equal 1.2kPa. The dy-
namic viscosity, η, was initially deduced from literature and
assumed equal to 20Pa·s. The equivalent Manning coefﬁ-
cient, based on parametric analyses, was assumed equal to
0.04, while a K-value of 2480 was used, as suggested in the
FLO2D manual, for a rough surface on an alluvial fan.
Changing only the τy and η parameters, the best approx-
imation of the distal point of the recent alluvial fan was ob-
tained setting τy=0.7kPa and η=10Pa·s (Table 3).
As in the case of the Voellmy rheology, the simulated ﬂow
1. follows the downstream direction of the channel that
crosses longitudinally the alluvial fan and
2. contracts in the distal part of the path of propagation.
Even if less pronounced, the quadratic rheology gives
as the Voellmy rheology a lateral spreading of the mass
just below the fan apex (Fig. 8a).
In the Venafro case, the FLO2D analyses were ini-
tially carried out by assuming the best ﬁt values previ-
ously obtained for the quadratic rheology in the Pesche case
(τy=0.7kPa and η=10Pa·s). But, a new calibration of param-
eters was necessary. The best simulation was obtained with
a value of the Bingham parameter τy higher than the initial
one (Table 3). The calibrated quadratic rheological parame-
ters gave
1. a ﬂow that follows the existing alluvial fan in a close
manner and
2. a deposit whose distal part has a lobate shape, as ob-
served in the existing alluvial fan (Fig. 8b).
No signiﬁcant differences were observed, for both the
studied areas, in the FLO2D results when the two previously
referred time values tp that deﬁne the input hydrograph were
varied.
In order to properly compare the results obtained with
the two codes, numerical analyses with a quadratic rheology
werealsoperformedwithRASH3Dforbothstudyareas. The
rheological parameter values calibrated with FLO2D were
then assumed in RASH3D.
The ﬁnal deposition patterns obtained with the two codes
are compared for Pesche and Venafro in Fig. 8a and b, re-
spectively. It can be observed that, as far as the spreading of
Table 4. Maximum numerical velocity reached during propagation
as a function of assumed rheological parameters.
Site
Voellmy rheology
vmax (m/s)
µ(=tanϕ) (–) ξ(m/s2)
Pesche 0.01 200 17.4
0.05 1000 27.7
0.1 200 15.7
0.12 1000 25.7
Venafro 0.01 200 11.8
0.05 1000 20.3
0.1 200 10.7
0.12 1000 16.5
the deposition patterns are concerned, rheological parameter
values being equal, the RASH3D code gives about the same
travel distance as FLO2D but it usually provides a larger lat-
eral spreading of the mass.
6.3 Analysis of the maximum and ﬁnal deposit depth dis-
tribution
A comparison among the distributions of the maximum
depths along the propagation paths, obtained using the
quadratic rheology in both the two codes and the Voellmy
rheology only in RASH3D, is here made. This compari-
son was performed for both study sites with reference to the
longitudinal sections taken along the whole propagation path
(long-dash dot line in Fig. 8a and b). The results are shown
in Fig. 9.
In terms of quadratic rheology, although RASH3D, com-
pared to FLO2D, slightly underestimated the maximum
depths, the two codes provide about the same trend of the
maximum depths distribution along the whole propagation
path.
As far as the Voellmy rheology is concerned, the RASH3D
results underline that the trend of the maximum depths com-
puted at the downstream end of the deposition patterns does
not change signiﬁcantly as a function of the assumed rheol-
ogy in either of the considered cases (Fig. 9). The main dif-
ferences, as previously mentioned, concern the larger areal
mass spreading given by the Voellmy rheology (Fig. 8a–b)
Since the maximum depth proﬁles did not give an exhaus-
tive explanation of the differences between the behaviour of
the mass with a Voellmy rheology with respect to a quadratic
rheology, a comparison was made between the ﬁnal deposit
proﬁles provided by the two rheologies. This comparison
concerns only the results obtained with RASH3D.
Figure 10 shows the ﬁnal deposit proﬁles obtained along
the same longitudinal sections considered in Fig. 9.
In both the considered sites, the quadratic rheology re-
sulted in a higher longitudinal spreads of the mass along
the whole longitudinal propagation path, with lower deposit
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Fig. 9. Maximum depth reached by the mass along the propagation
path, (a) the Pesche site; (b) the Venafro site. The proﬁle position
is given with a long-dash dot line in Fig. 8a and b, respectively.
depths next to the runout distal point. On the other hand,
moving fromξ=200m/s2 toξ=1000m/s2, theVoellmy rheol-
ogy concentrates the mass in the distal part of the deposition
pattern and the proximal part of the pattern remains mainly
free of deposited mass .
7 Conclusions
The two codes RASH3D and FLO2D, based on a continuum
mechanics approach, have been used to numerically analyse
the propagation of two potential debris ﬂows, located respec-
tively at Pesche and Venafro, Southern Italy.
For these two cases, a lack in information has prevented
that rheological parameters were obtained from the back
analysis of similar well documented events in the area. As a
prediction of the possible runout area is, however, required
by decision makers, an alternative approach based on the
analysis (a) of the geological and geomorphological settings
that characterize the two study basins, (b) of the alluvial fans
existing at their respective toe and (c) of the rheological pa-
rameter values obtained from the literature, when the back-
analysis of similar historical events are carried out, have
been proposed to calibrate rheological parameters for the two
study sites.
Fig. 10. Final deposit depth considering the whole propagation
path, (a) the Pesche site; (b) the Venafro site. The proﬁle position
is given with a long-dash dot line in Fig. 8a and b, respectively.
From the results obtained with RASH3D and FLO2D as-
suming a Voellmy or a Quadratic rheology it emerges that:
1. Even if FLO2D and RASH3D have a different initi-
ation mechanism (hydrograph vs. debris volume), it
can be observed that, by adopting the same calibrated
Quadratic rheological parameters and by relating the
peak discharge (FLO2D) and the triggering volume
(RASH3D) with the Rickenmann’s formula, the two
codes give a similar runout for both the study sites. Dif-
ferences between the two codes concern a larger lateral
spreading of the mass and underestimation of velocities
provided by RASH3D compared to FLO2D;
2. Rheology being unchanged (e.g. Voellmy rheology), a
similar runout area can be obtained with different cou-
ples of rheological parameters but differences emerge
in term of ﬁnal mass distribution, velocity and runout
duration;
3. Results obtained with the Quadratic rheology provide a
better simulation of the area and shape of the existing
alluvial fan than that obtained by the Voellmy rheology.
In fact, by adopting a Voellmy rheology, a later spread-
ing of the mass just below the apex of the fan, in the
Pesche case, and in the distal zone, in the Venafro case,
can be observed.
4. Maximum depths reached by the mass during propaga-
tion present the same trend independently from the as-
sumed rheology.
On the base of observations (1) and (3) it can be ﬁnally stated
that for Pesche and Venafro land management purposes
numerical analyses carried out with RASH3D assuming a
Voellmy rheology allow to obtain results that are on the safe
side. This conclusion cannot at the moment be generalized.
On the contrary, the use of more than one code and rheology
can be recommended.
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